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ABSTRACT

Work is continuing in both gas phase and liquid phase turbulent

mixing and chemical reactions. In the gas phase shear layer work, our

investigations are concentrating on shear layer free stream density

ratio effects, finite kinetic rate (Damkohler number) effects, and heat

release effects the latter up to a temperature rise in the combustion

zone of the order of 1,000 K. In jet flows, the development of laser

Rayleigh scattering techniques is progressing towards conserved scalar

measurements down to diffusion space and time scales. In the liquid

phase work, laser induced fluorescence measurements in both shear layer

and jet flows have yielded considerable new information on the mixing

process and statistics, permitting direct estimates as the probability

density function in both cases. Theoretical work in progress is

addressing the finite chemical rate problem as well as the

diffusion-limited shear layer mixing problem.
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1.0 INTRODUCTION

Work is continuing in both gas phase and liquid phase turbulent

mixing, chemical reactions and combustion. Both experimental and

analytical/modeling investigations are in progress, as well as an

accompanying effort to develop and augment diagnostic techniques, on an

as needed basis, in support of the experimental program.

2.0 HF COMBUSTING SHEAR LAYER

2.1 Density Ratio Effects

Thee free stream density ratio across the 2-D mixing layer has one

of the largest effects on the entrainment and growth of the turbulent

region (Dimotakis 1984). Using readily available gases, changes in the

growth of the layer by factors of three have been previously reported

(Konrad 1976). These results have been confirmed in a few pilot runs at

low heat release (Mungal & Dimotakis 1984), but as yet no systematic

investigation of this phenomenon has been undertaken.

In particular, we are using the HF shear layer combustion facility

to determine how density differences effect chemical reactions, and in

the case of high heat release, what effect the existence of three

characteristic densities (high speed stream, low speed stream, mixed

fluid in the layer) has on both product formation and layer growth. The

facility was recently recalibrated for the changes in diluent gases.

2.2 Finite Kinetic Effects

An analysis of the effects of finite chemical rates has been

carried out for a number of simplified flow geometries. Through this

analysis and a model decomposition of the reacting zones within

' o .2
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turbulent shear layer, such as the Broadwell-Breidenthal model, we hope

to understand the data already reported, and perhaps predict these

effects for flows not yet investigated.

The simplest flow model analysed was the constant entrainment,

perfectly mixed region. For this initial value problem, a simple

one-step, second order reaction was assumed and the temperature

dependance of the rate coefficient was neglected. From this, both an

exact solution and a number of special case and asymptotic results have

been obtained.

A numerical study of the effects of finite kinetics on a laminar

strained diffusion flame has also been performed. In this work, the

effects of equivalence ratio, reaction rate, strain rate and activation

energy on product distributions have been investigated. In the

investigation of high activation energy effects, the hysteresis curve

associated with the blow-out and light-up phenomenon has been explored,

and the stability of the solutions on this curve has been calculated.

This work is carried out in conjunction with the research described

in section 2.5 below.

2.3 High Resolution Temperature Sensing Probes

As previously reported, plans to use the 0.6 pm temperature sensing

probes have been made and prototypes have been fabricated and tested.

The probe mount, support structure and purge/connection block have all

been constructed and installed. These probes, however, have a reduced

ability to withstand higher dynamic pressures and higher temperatures

than our standard 2.5 pm probes. We have decided to defer measurements

using these probes, to accommodate the higher temperatures we would like

to reach in the near future. See section 2.4 below.

Cd 3

-a_-z



AFOSR-83-0213 Interim Report

2.4 Heat Release Effects

High heat release runs with adiabatic flame temperature rise of up

to 940OK are in progress. The previously reported trend of layer

thinning is observed to persist. A substantial reduction in overall

entrainment of free stream fluid into the layer is caused by heat

release. It appears that the reduction in entrainment is more than

sufficient to offset the displacement owing to density decrease in the

layer by heat release.

An effort is being made to model the effects of heat release on the

growth and entrainment of the layer using similarity methods, and it

seems that the reported trends of layer thinning and entrainment

reduction can be at least partially accounted for by a reduction in the

turbulent shear stress by heat release.

Large scale structures are seen to dominate the flow at all levels

of heat release. High speed motion picture data were taken over a range

of temperatures and are being used to provide statistical information on

vortex spacing. Preliminary results suggest a slight reduction in mean

vortex spacing with heat release.

Further runs with a favorable pressure gradient were made at an

adiabatic flame temperature rise of up to 553K . For these runs of

higher heat release and pressure gradient, the pressure gradient still

does not appear to have any significant effect on the amount of mixing

and chemical product production in the layer.

A more extensive discussion of these and other results is presented

in the appended AIAA Paper 85-0142 by J. C. Hermanson, M. G. Mungal

and P. E. Dimotakis, recently presented at the AIAA 2 3rd Aerospace

Sciences Meeting, at Reno, Nevada. This part of the work is nearing

completion. A full documentation should be available at the end of the

next reporting period (ending April 1986) in the form of a Caltech Ph.D.

thesis by J. Hermanson.

°4
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2.5 Damkohler number - finite rate kinetic effects

The chemical kinetics of the hydrogen/fluorine/nitric oxide system

has been studied using the SANDIA (Livermore) CHEMKIN chemical kinetics

program. The reactions considered were

H2 + F + HF + H (1)

H + F2  + HF + F (2)

NO + F2  + NOF + F (3)

F + NO + M + NOF + M (4)

F + F + M 4 F2  + M (5)

H + F + M + HF + M (6)

H + H + M + H2  + M (7)

Our nominal concentrations investigated were

H2 - 4%,

F2 = 0.5%

and

NO - 0.015%

carried in a nitrogen diluent. The overall chemical reaction time for

this system is found to be 0.5msec.

At our measuring station, the large scale mixing time is 5msec,

based on visual width of the shear layer and the velocity difference.

Hence the Damkohler number (ratio of mixing time to chemical time) is 10

when the reaction is mixing limited. This value compares well with that

reported earlier by Wallace (1981). The results also show that the

overall chemical time is controlled by the NO concentration.

These results are currently being used to interpret the results of

our attempts to simulate the effects of slow chemistry. A full

5%5
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documentation (Broadwell & Mungal) on this part of the work should be

available by the end of the next reporting period. The effects of slow

chemistry are also important in the context of our long term goals in

this program as we would hope to extend the work on chemically reacting

flows to supersonic flow speeds, where finite kinetics play an (if not

the most) important role.

3.0 LIQUID PHASE SHEAR LAYER

Our laser induced fluorescence (LIF) measurements in the water 2-D
mixing layer have shown that the initial roll-up of the vortical

structures is not symmetric in the transverse dimension of the layer.

Results, reported in our earlier progress reports, Koochesfahani P.h. D.

thesis 1984 and Koochesfahani & Dimotakis, AIAA paper no. 84-0198,

indicate that in the initial roll-up process a large amount of high

speed fluid is engulfed into the layer, which then leads into a vortical

structure whose core is essentially full of fluid from the high speed

stream. The significance of this event is that the composition of the

mixed fluid during the mixing transition is not determined solely by the

entrainment ratio of fluids from the two free streams into the layer,

but also by this initial composition asymmetry in the structure cores as

a result of the first roll-up.

There is an effort currently under way to try to understand the

initial roll-up process via linear stability theory of the spatially

growing disturbances. Our goal is to calculate the geometry of the

streakline that peels off the splitter plate which subsequently rolls up

into a vortex. The initial set of calculations, using a hyperbolic

tangent mean velocity profile at the splitter plate as a test case,

agrees with previous results of Michalke (1965). See figure 1 . We are

now in the process of calculating the streakline for the actual case

realized in the laboratory by incorporating the wake of the splitter

plate into the mean velocity profile.

...6
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4.0 SHEAR LAYER MIXING & CHEMICAL REACTIONS MODEL

An analytical model of mixing and chemical reactions, at low heat

release, for fully developed, turbulent shear layers has been completed.

The model calculates the chemical product thickness ratio 6p/6 (volume

fraction of the total width of the shear layer occupied by chemical

product), where 6p is the product thickness and 6 is the visual

thickness of the shear layer. The resulting estimates are a function of

the local shear layer Reynolds number Re = AU 6/v , Schmidt number

Sc -v /D, and reactant stoichiometric mixture ratio 4. The overall

entrainment ratio to the shear layer is an input to the calculation, and

is expressed as a function of the velocity and density ratio of the

shear layer free streams, using the results of earlier calculations

(Dimotakis 1984). The model is essentially without adjustable

parameters and assumes that the spectrum of scales of the turbulence

contained within the confines of the shear layer edges is described by a

Kolmogorov turbulent cascade.

The resulting theoretical estimates for 6p/6, based on this model,

are in good agreement with the low heat release data in our HF

combustion facility (Mungal & Dimotakis 1984), as well as the liquid

phase data of Koochesfahani (1984) at a comparable Reynolds number,

successfully accounting for the Schmidt number effect of a factor of

approximately 2 between the gas phase and liquid phase data. The model

also correctly predicted the Reynolds number dependence of the chemical

product in the shear layer, which was recently measured by Mungal,

Hermanson & Dimotakis (1984).

7
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5.0 TURBULENT JET MIXING & CHEMICAL REACTIONS

5.1 Gas Phase Jet Mixing - Laser Rayleigh Scattering

During the past reporting period, the test cell experiments were

completed and detailed work was begun on a full scale experiment

utilizing Rayleigh scattering techniques. The test cell, which has also

been described in our earlier reports, has been used to confirm our

performance calculations and provide insight into some of the dynamic

characteristics of our Rayleigh scattering system. A schematic of the

test cell has been included in figure 2.

' The results of the test cell experiments are good. The output
i.

voltage from the electronics is linear in the number density of

molecules in the focal volume as determined by the test cell pressure.

Typical data are given in figure 3. The small scatter in the data is a

consequence of the uncertainty in the pressure reading and the mild

drift in laser power. Because the gain of the photomultiplier tube is

only specified within a factor of 15 by the manufacturer the slope of

the line in figure 3 could not be accurately predicted. The

signal-to-noise ratio, however, can be predicted since it is a ratio of

amplified quantities. Since, in a shot noise limited measurement, the

noise voltage increases as the square root of the signal voltage, the

noise voltage divided by the square root of the signal voltage should be

a constant. This "system" constant, which is related to the

signal-to-noise ratio, can be predicted and measured. Since low values

of this constant are optimum, figure 4 makes it clear that the

predictions fall about twelve percent below the measurements. Which is

reasonable agreement since at least 3 or 4 multiplicative factors in the

performance calculation can be only be determined within ten percent.

After developing some simple data acquisition software we made some

dynamic concentration measurements in the test cell. A transient jet of

high cross section gas was introduced through a central orifice above

8
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the focal volume in the test cell. The concentration history was

recorded using a portable computer. The results showed that dust

particles, whose Mie scattering cross sections are orders of magnitude

larger than the molecular Rayleigh cross sections which comprise the

signal, can be readily recognized and intelligent signal processing

should minimize their effect on the concentration measurements.

The design of a full scale experiment has begun based on the

promising results of the test cell work. Laboratory space which has the

proper ventilation, gas exhausting capability, and electrical power

system is being sought. Some machining has begun of special optical and

mechanical components.

This part of the work is co-sponsored by the Gas Research

Institute.

5.2 Liquid Phase Jet Mixing & Chemical Reactions

Our work on entrainment, mixing and chemical reaction in high

Schmidt number (liquid phase) turbulent jets has continued.

We have completed direct measurements of concentration using LIF
digital imaging simultaneously at 1024 points along the jet axis. These

measurements have yielded axial PDFs of jet fluid concentration, and

have revealed a similarity concentration in terms of which the PDFs in

the jet display self-similarity along any ray (r/x=constant). This

self-similarity permits the cross-over from near-field to far-field jet

mixing to be defined quantitatively, and allows the self-similar form of

the PDF throughout the jet far-field to be determined without the

resolution limitations inherent in any direct measurement.

We have also completed similar imaging measurements of

instantaneous radial concentration profiles across the jet in the far

field (see Dahm & Dimotakls 1985, appended). These results demonstrate

9
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quantitatively that instantaneous profiles of concentration do not

resemble the mean concentration profile. Specifically, the mixed fluid

within large regions in the jet usually lies within a narrow range of

values, and unmixed ambient fluid can be found throughout the jet. The

mean profile is, therefore, a poor representation of the mixed fluid

states within the jet. This contrasts with the classical picture of jet

mixing, and may have particularly important implications for the

modeling of jet mixing and the prediction of chemical reactions between

the mixed and ambient entrained fluid.

A full documentation of this effort should be available in the next

reporting period (ending 15-Apr-86) in the form of a Caltech Ph.D.

thesis by W. Dahm.

This part of the work is co-sponsored by the Gas Research

Institute.

5.3 Laser Soot Scattering in Jets and Buoyant Flames

A novel combustion diagnostic technique is being explored which

makes use of laser light scattering from soot particles in a flame.

While many laser-based diagnostics are limited by the presence of soot,

the soot particles themselves can in fact be utilized as an important

marker within the flame. The submicron particles are strong scatterers

of visible radiation (relative to molecular scattering cross-sections)

and by directing the intense, monochromatic beam of a laser through the

soot distribution (flame), the location of soot along the line of the

beam can be determined. The essence of this new technique is to measure

the intensity of the soot scattering along a specified line segment in

the flame as a function of time.

Photodiode array and computer data acquisition technology for

measiring and recording such an intensity pattern has been developed and

extensively used in our laboratories. Its application in a soot

10
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scattering experiment is straightforward. Some preliminary feasibility

studies using a 3 watt argon-ion laser and a buoyant, sooting flame

indicated that, by visual inspection, measurable scattered light appears

to be present. Although flame luminosity could be expected to interfere

with such a measurement, the very narrow line width of the laser

combined with a narrow band optical filter greatly diminishes this

problem. This technique should contribute to a variety of combustion

studies, potentially addressing such questions as flame structure,

combustion zone location and character, and the process of sooting.

In order to make more quantitative measurements and to get some

idea of the type of information that can be gained with such a

technique, an optical system was designed. The purpose of the optical

system is to pass the laser beam through the flame in an easily

controlled manner and to collect only the scattered laser light,

discriminating against the unwanted flame luminosity. With this

apparatus, several sets of photographs of the buoyant methane flame

above a 50 cm diameter glass-bead burner were taken. These photographs

verify our initial estimates of the technique's efficacy and provide a

few insights into the soot distribution patterns within the flame.

These photographs indicate that scattered radiation is always

closely associated with a specific intersection of the luminous soot

distribution with the laser beam. We saw no evidence of appreciable

laser scattering from any region where there was no luminosity. In

other words, we saw no appreciable cold soot far from a flame sheet. In

this sense, the soot can be considered as approximately marking parts of

the flame sheet surface.

Perhaps even more striking was the observation that the soot fills

a very small fraction of the total volume of the flame. When the soot

distribution intersects the laser beam segment, it showed up as a few

small points along the segment, occasionally appearing as a short length

much shorter that the width of the overall flame. These observations

are consistent with a very convoluted flame sheet that has been strained

11
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out (at least as far as soot production is concerned) at some regions in

its topology and which intersects the segment under study at only a few

points or occasionally as a short segment when the angle of intersection

is quite oblique.

We are presently working on implementing the photodiode array to

image the segment, using the same beam steering and collection optics.

By interfacing the array to a computer data acquisition system with high

speed A/D conversion, we will record the soot distribution along the

imaged segment as a function of time. This will give us a more complete

picture of the structure of the soot distribution and the flame sheet.

This part of the work is cor-sponsored by the Gas Research

Institute.

12
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HEAT RELEASE EFFECTS ON SHEAR LAYER GROWTH

AND ENTRAINMENT

J. C. Hermanson* , M. G. Mungal* and P. E. Dimotakis
5

California Institute of Technology
Pasadena, California

ABSTRACT heat release with the fluid mechanics could be

observed, as manifested by the growth rate,
The effects of heat release are studied in a entrainment and discernible large scale structure

planar, gaseous reacting mixing layer formed dynamics. In that work, the chemical reaction

between free streams containing hydrogen and could be considered as a diagnostic to infer the

fluorine in inert diluents. Sufficiently high amount of molecular mixing without disturbing the

concentrations of reactants are employed to overall properties of the layer. In the work

produce adiabatic flame temperature rises of up to reported here, the heat release is much larger and
940K (1240K absolute). Though the displacement the effects of the heat release itself on the

thickness of the layer, for zero streamwise properties of the shear layer are investigated.

pressure gradient, increases with increasing heat The highest heat release cases reported here are
release, the actual thickness Of the mixing layer sufficiently hot to result in a mean density

is not observed to increase, and is in fact reduction in the center of the layer of about

characterized by a slight thinning. The overall 65%.

entrainment into the layer is seen to be

substantially reduced by heat release. The large

scale vortical nature of the flow appears to

persist at high temperatures. Imposition of a EXPERIMENTAL FACILITY AND INSTRUMENTATION

favorable pressure gradient, though resulting in

" additional thinning of the layer, is observed to The experimental apparatus is described in

have no resolvable effect on the mixing and amount detail in Mungal et a1
20

. It is a blowdown

of chemical product formation, facility in which premixed volumes of fluorine in

an inert diluent and hydrogen in an inert diluent

are discharged through sonic orifices to maintain

a constant mass flux. Each stream enters a
INTRODUCTION settling and contraction section for turbulence

suppression with the high speed stream emerging
This investigation is concerned with heat from a 6:1 contraction with an exit area of

release effects in a gas phase turbulent, plane, 5 20cm, and the low speed emerging tram a 4:1

reacting shear layer at high Reynolds number. The contraction in a 7.5 -20 cm exit area. The two

work is an extension of earlier work in the same streams meet at the tip of a splitter plate, with

facility
19

,
20

,
2 1

. The flow consists at a a trailing edge included angle of 3.780. The nigh

two-dimensional mixing layer with gas phase free speed free stream turbulence level was measured to

streams, one stream carrying a given concentration be about 2/3%

of hydrogen in an inert diluent; the other,

fluorine. The reaction H2 - F2 - 2 HF is highly To offset the free stream density difference
exothermic so that reactant concentrations of 1% that results from large amounts of hydrogen in one

H2 and 1% F2 in an N2 diluent respectively produce stream, the densities of the free streams were

an adiabatic flame temperature rise of 93 K above matched for most cases by using as diluent a

ambient. Results will be presented here mixture of nitrogen and a small amount of helium,

corresponding to fluorine concentrations of up to on the fluorine side, and a mixture of nitrogen
6% and hydrogen concentrations of up to 24% , with with a small amount of argon on the hydrogen side.

a maximum adiabatic flame temperature rise of The intent was also to match the heat capacities
9
4
0K (corresponding to 1240 K absolute), of the two free streams.

In earlier work by Mungal et at19,20,21, with Runs were performed with a nominal high speed

temperature rises of up to 165 K, no coupling of flow velocity of 22 m/s , and a free stream speed
ratio of U2/U1 .0.4 . In practice, these valijes

Graduate Student. Aeronautics. Member AIAA. varied slightly -- a result of differences in gas

* Research Fellow, Aeronautics. Member AIAA constants of the various mixtures -- although the
# Associate Professor, Aeronautics and Applied sonic metering orifices were adjusted for each run

Physics. Member AIAA.
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to minimize these variations. The measuring total data rate of 4 kHz; their considerably

station was positioned 45.7 cm downstream of the lower frequency response not warranting a higher

splitter plate trailing edge. The Reynolds number rate.

at the measuring station was typically

Re6 -6- 104
. 

based on the free stream velocity Thermocouples produce a voltage proportional

difference, the 1% thickness of the mean to the junction temperature and normally do not

temperature profile, and the cold tree stream require calibration. The resistance wires were

kinematic viscosity. The 1S thickness, 61 , of calibrated as described prevIously
19 

using a hot

the temperature or concentration field 18,20, is and cold jet of known temperature. The two

defined here as the transverse width of the layer measurements provided calibration constants to

at which the mean temperature rise is 1% of the convert voltage to temperature rise. An

maximum mean temperature rise and has been shown
20  

additional correction was applied to the output

to correlate well with the visual thickness 6vis signal voltage in the present experiments to

(Brown & Roshko
8
) of the layer. This value of the account for the non-linearity in the resistivity

Reynolds number is well above that for the mixing of the platinum- 10% rhodium wire element at

transition as reported by Bernal et a1
3
, elevated temperatures

1 0
. It was determined that

Breidenthal
6 

and Konrad
17
. The corresponding for neither the thermocouples nor the resistance

Reynolds number based on the high speed free wires was there significant radiation error for

stream velocity and on the downstream distance was the temperatures in this investigation24. Both

Rex - 6 . 105. A diagram of the shear layer probes, however, are influenced by heat conduction

geometry is shown in Figure 1. to the support prongs, which can result in

excursions from the mean temperature being in

error by as much as 10% to 20% for the cold wires

and up to 40% for the thermocouples. Both

diagnostics, however, produce accurate mean
U'. ,,Cat temperatures, as during a small fraction of the

Velocity course of the run (before data acquisition begins)

7, U .77) the tips of the support prongs assume the local

fmean value. Good agreement (typically within 5%)

was obtained during runs in which both sets of
, .. probes were employed. Errors resulting from

.0 differences in the thermal conductivity of the
-. Temperature
7- Rise T( ) fluid from each of the free streams were

VCO 2 Rise 6T7) established to be small.

In addition to the temperature data, a
schlieren system was utilized for concurrent flow

visualization. The beam width utilized was

Fig. I Turbulent Shear Layer Geometry sufficient to illuminate 25 cm of the shear layer.

A circular source mask and a circular hole spatial

filter were used in place of the conventional

source slit and knife edge in an effort to give
Temperature data were recorded with a rake of equal weights to gradients in index of refraction

eight 
2
.5 um diameter platinum - 10% rhodium cold in all directions and better resolve the large

wires, with a typical wire span of 1.5mm, welded scale structure of the flow. The hole sizes were

to Inconel prongs. For some runs a rake of 25 um increased with increasing flow temperature to

dlimeter Chromel-Alumel thermocouples was optimize (reduce) sensitivity as needed. High
employed. It was found that the 2.5 urm resistance time resolution spark schlieren photographs were

wires in the hottest regions did not survive in taken with a spark source (- 3usec duration),

runs in whiCn the adiabatic flame temperature rise synchronized with a motor-driven 35 mm camera, at
exceeded approximately 600K. Both the cold wire a rate of approximately three frames per second.

and thermocouple rakes were positioned across the

transverse extent of the layer. The total data The mean velocity profile was measured for

rate for the resistance wires was 80 kHz, most runs by 3 pitot probe rake of fifteen probes

corresponding to 10kHz per probe. The connected to a miniature manometer bank filled

the-mocouples were sampled at 500Hz each, for a with fluorine resistant oil (Hooker Chermi:al

2



Fluorolube FS-5) with an adequate time response to Proper chain initiation requires some free F

yield a reliable mean dynamic pressure profile atoms, which were generated in these experiments

during each run. The bank was photographed by a by premixing a trace amount of nitric oxide into
second motor-driven 35 mm camera. The the hydrogen-carrying stream. This allows the

photographic data were digitized and reduced to reaction

mean velocity profiles. This technique of

measuring the pitot pressure was estimated to be

accurate to 5%. Rebollo
23 

estimated that the F2 - NO - NOF + F

accuracy of extracting mean velocities from pitot
pressures in non-constant density flows is about which orovides the required small F atom

4- . concentration in the layer to sustain proper

ignition. For all runs in this investigation, the
Finally, the streamwise static pressure NO concentration was maintained at 3% of the free

gradient was monitored by measuring the pressure
stream fluorine concentration.

difference between two downstream locations on the
low speed sidewall with a Oatametrics type 573 For all flows reported here, the resulting

fluorine resistant Barocel sensor. The high speed chemical time scales are fast compared with the

side wall was kept horizontal for all runs and the fluid mechanical time scales. The chemical time

low speed side wall was adjusted for the desired scales for the reaction, over the entire range of
streamwlse pressure gradient. The wedge-like concentrations, were determined using the CHEMKIN

geometry of the planar shear layer displacement chemical kinetics program
15

. The chemical rate

allows this simple means of accommodating or data for the reactions involved were taken from

imposing any desired pressure gradient. Most of Cohen & Bott
11 

and Baulch et at
2
. The Dahmkohler

the runs in the present investigation were number (ratio of mixing time to chemical time)
performed with the sidewalls adjusted to the based on the local, large scale characceristic

requisite divergence angle to ensure a zero time (61 /AU, where AU is the free stream

streamwise pressure gradient. For some runs at velocity difference) ranges from 25 to 125 with
high heat release, the walls were left fixed at increasing reactant concentrations. The

the angle required for zero pressure gradient at Dahmk6hler number based on the time of flight from

zero heat release, which allowed the heat release the splitter tip to the measuring station ( x/ UC,

to induce a favorable streamw1se pressure gradient where Uc  is the large structure convection

(accelerating flow), as a result of the combustion velocity) varies from 160 to 800. For comparison,
displacement effects, the Dahmk6hler numbers for the low heat release

work of Mungal
19
'
2 0 21 

were 10 and 60 for the

large scales and time of flight, respectively. In
CHEMISTRY those Investigations, the chemistry was shown to

be already fast. Chemical kinetics are,
The chemical reaction utilized in the present consequently, not an issue in the present

investigation is effectively investigation, where the chemistry is much faster

as a result of the higher reactant concentrations

H2 * F2 . 2 HF , 5Q * - 130 kcal/mole and combustion temperatures.

The equivalence ratio, o, is defined here as
This yields a temperature rise of 93K for 1% F2  the volume of high speed fluid required to

and 1% H2 in N, diluent under constant pressure, completely react with a unit volume of low speed
adiabatic conditions (this is the so-called fluid. This is the same as the ratio of the low
adiabatic flame temperature rise). The chemical speed free stream molar concentration, O2, to the
reaction actually consists of two second order hign speed free stream molar concentrati3n, :!,
nain reactions: divided by the low speed to high speed

stoichiometric ratio, i.e.

H2 * F * HF * H, AQ - -32 kcal/mole

(002/01 -€ = = c02/c0

H * F2 - HF - F, AQ - -98 Kcal/mole

in this case, since the molar stoichiometric ratio

for the hydrogen-fluorine reaction is unity.

A .1 A
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RESULTS AND DISCUSSION with the identical speed and density ratio, using

I. rothRat ad ntrinen aformula derived In Dimotakis
12  . A straight

line least squares fit to the data suggests that

The low speed sidewall divergence required the thinning, for a mean density reduction of

for zero streamwise pressure gradient is a direct 40% , may be as high as 15% . No dependence of the

measure of the displacement thickness of the thinning trend on equivalence ratio was observed.

layer. 6", where 6" /X Indicates the tangent of

•the angle by which the low speed free streamline
13 i shifted owing to the presence of the 3hear.2

layer. Note that the displacement thickness Is

Sless than zero for a layer with no heat release, All

and increases steadily with heat release. as shown 6/
in Figure 2 . The parameter ( 0O- )IPo) As, 0 1- 0 ._
represents the mean normalized density reduction 0 ao00
in the layer due to heat release, where p is the . 0

mean density In the layer and po is the averagea W ls
(cold) density of the free streams. a m

~~0

0 O Fig. 3 IOyw Thinning olth Heat Filess

6*/x .8/ The slight reduction in layer thicknes with

. O~o increasing heat release Is confirmed by the mean

0£ t o velocity data. Sample velocity profiles, atdifferent ientirelease but identical atio and

density ratios, are presented in Figure .A it

Gcan be seen that the hotter layer is noticeably

Te l steeper in maximum slope in areement with

Fig. 2 L lyl Ol e cee t ue t eat ilaeeace

Effect of ttrt Release on

Shear Layer Mean Velocity Profile

it may be worth noting that the actual shear

layer thickness (61 or 6vis), in spite of large . , ,

heat release and large density changes, does not

increase and, in fact, shows a slight decrease,
even though the displacement thickness Increases a old
with heat release. This effect was noted by
Wallace and is observed In the present set of

experimentst in which the maximum mean flow

Stemperature increase is about three times greater

than that of Wallace. The observed 1% temperature .a2:3 /

profile thickness at zero pressure gradient Is U:, -4-4
plotted versus the aerandst is the layer in

Figure 3. Since it is difficult to hold the speed

%.ratio at exactly 0.40 from run to run and also -12 as -. 4 .00 .04 .0s .12
% because the density ratio of the free streams is Y/x

%-

% slightly different from unity for some runsT each
Effect is co e on" data point has been corrected by normalizatSon aime. velocity Profile

Sctn tee expeseted trowth rate for a cold lanyear

0 " " ." . . " . tepe.r in "ma "u m" s i-- " h -



Wallace2
6
. Normalization of this maximum slope by X0, since the relevant similarity downstream

the tree stream velocity difference gives the coordinate is in fact y / ( x - x0) . The trends in

vorticity thickness S. of the layer, layer thinning reported here do allow the

possibility that some of the effects could be

I (dU accounted for by a shift in the virtual origin

6w U dy max  with heat release. The changes in x0 with heat
release have not been investigated as yet. That

A plot of the vorticity thickness variation with initial conditions can have a significant effect

heat release, again corrected for variations In on layer growth has been shown, for example, by

speed ratio and density ratio, is shown in Figure Browand & Latigo
7
. See also Batt', Bradshaw4 and

5. Each point is normalized by the corresponding the discussion in the review paper by Ho &

cold flow vorticity thickness. The portion of the Huerre14.

present results at moderate heat release, One implication of the fact that the layer
including some of the unpublished data of Mungal,

are seen to be in good agreement with Wallace26. width does not Increase with increasing
- temperature is that, since the density in the

SThe abscissa parameter Of Figure 5, 9
ax - layer is substantially reduced but the layer does

&Ta/T 0 ,the maximum mean temperature rise over
maxd not grow faster, the volumetric entrainment of

the ambient temperature, scales differently than
free stream fluid into the layer must also be( O- )/so, the normalized mean densityreductionP, ad r nr a ted thinnn efeity greatly reduced by heat release. The amount ofreduction, and renders the thinning effect at enrimtIto helyrcnbcauaedfm

- lwertemeraure moe aparnt.entrainment into the layer can be calculated from
the mean velocity and density (i.e. temperature)
profiles as follows:

A

where V is the volume flux into the layer per unit

span, x is the downstream coordinate, and n - y/x

is the shear layer similarity coordinate. This

.6 expression assumes that the layer is self-similar

at the station at which Wne integral is performed.

The quantity pU was computed as pU, which was
used here as an approximation for the

.0 1.9 2.0 density-velocity correlation pU.

1- Results 'rom Mungal et a1
21  

suggest that
Fig. 5 Effect of Heat Relea on Voticity Thicitneve there is a Reynolds number dependence on product

formation. Since the growth rate does appear to

be a function of the product formation (i.e. heat

An investigation, at higher temperatures, by release), strictly speaking, the flow would not be

Pitz & Daily
22 

in a combusting mixing layer formed expected to be exactly self similar. An alternate

downstream of a rearward facing step fund that method
9 1  

which approximates the overall

the vorticity thickness did not appear to change entrainment is to useV the geometry of the layer as

be.tween their coil runs 3nd high heat release shown In Figure 1 to derive:

runs. Keller & Daily
1
O, however, report that in a

reacting mixing layer between a cold premixed - - r (n- tani)
reactant stream and a preheated combustion product U1 x

stream, the vorticity thickness increases

3ignificantly with increasing temperature. The where r - U2/U1 , n 1 .2  are the similarity
reasons for the discrepancy beuween these results coordinate edges of the shear layer, and S is the
and the ones reported here are not clear at this deflection angle of the low speed side 4all. A

writing, common difficulty of both methods ia that of

selecting the proper values for nj and n2  One
A complicating factor in ar discussion of reasonable choice is the pai- of points

growth. r ite 13 the location of the virtual origin, corresponding to the 11 edges of the temperature

- o*.-. ......................................... ....... . . ....
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profile. Resulting calculations for choices of 1%

and 10% points in the temperature profiles, for ,J\

both the integral and geometric methods, are

plotted in Figure 6 . It can be seen that,

regardless of the choice of edge reference points,

the inference is that the entrainment into the T .\

layer is strongly reduced as a function of heat

release, amounting to about 50% , for a mean

density in the layer of 40% below its nominal cold

value. That the entrainment reduction is in

exccess or the mean density reduction suggests that A _

the *decrease in entrainment flux more than 0 ,- -,

compensates for the additional displacement due to ,aj 2 F 9K, AT, 10i K AT_- 171 K

density change.

AA

.100

.00

& tO 0 oooeo

(PO - /Po FIg. 7 Te~wstu.re ns. Tim Trsacs

Fig. 6 Effect of Heat Release on Ovfeal Layer' Erntrainownt

Spark schlieren photographs are presented in

Figures 8a and 8b, representing conditions of both
low and high heat release. Figure 8a is a 2. F2
and 2% H2 run with an adiabatic flame temperature

I. Large Scale Structure Dynamics rise of 186K. I Figure 8b Is shown a 6% F2 and
24% H2 run with an adiabatic flame temperature

Figures 7a and 7b show time traces of rise of 847 K. The large scale structure is
temperature from the rake of cold wires. Both evident in both photographs and does not appear to
runs are at $ - 1. The data in Figure 7a are from be greatly altered by the heat release.

run with 2% F2  and 2% H2. for a flame Furthermore, that the structures appear well
temperature rise of 186 K, Figure 7b shows the defined in the schlieren photographs suggests that

results of a run with 6% F2 and 6% 82, with a they retain their predominately two-dimensional

flame temperature rise of 553 K. At elevated nature. Ganji & Sawyer
13  

and Pitz & Daily
22

temperatures, the flow dynamics still appear to be continued to observe the large scale structures
dominated by large scale structures separated by behind a rearward facing step at higher
cold tongues of fluid which extend well into the temperatures still, corresponding to adiabatic

layer. These findings are consistent with the flame temperatures of up to about 1650K absolute.
earlier results at low temperatures

19 ,20 ,2 1
. Keller & Daily

16 
also observed that well-ordered

structures were present for all values of heat

release in their investigations.

6



H.S. 2% H2  reactant concentrations up to 6' H2 and 6% F2 ,
, -. corresponding to a flame temperature rise of

553K. This was sufficient to induce a pressure

increment Ap, over the distance from the splitter

plate tip to the measuring station, of about 1/2

of 1PO U
2  

the low speed tree stream dynamic

head. This caused the high speed velocity to

increase from 21.2 to 22.3 m/s and the low speed

velocity from 8.2 to 10.3 mls between the splitter

.- tip and the measuring station.
"L.S. 2% F2  ATF - 186 K

S2 2KThe resulting mean temperature profiles, with

and without pressure gradient, are presented in

Figure 9. The layer is thinned by the pressure

H.S. 24% H2  gradient, as would be expected in accelerating

flow. *it can be seen,' however, at least tor the
values of heat release and pressure gradient

P" reported here, that there appears to be no

significant change in either the peak temperature

or the total amount of product formation induced

by the favorable pressure gradient. Temperature

profiles at lower temperatures also show no
systematic changes resulting from pressure

gradient, at least to within the estimated
L.S. 6% F2  ATF - 847 K reproducibility and accuracy of the data (3- 5%).

5-.

Fig. 8 Spark Schlieren Photogranhs

of Reacting Shear Layers 6% F2  6% H2  ATf - 553 K

1.0
-0 AP-o0
III. Pressure Gradient Results 0

13 A:P. 
< 

0

It could be argued that, in combusting flows .8
with substantial density variations and

appreciable pressure gradients, an additional

mixing mechanism might be operative, resulting .6
from a possible relative acceleration between F-

light fluid elements and heavy fluid elements
5 ,25

. '.

The efficacy of such a mechanism would of course 1 .4
depend on the scales at which the density

variations would be observed and their relation to

the viscous small scales of the flow. If the

hot/cold fluid elements are very closely spaced, .2

viscous effects might not permit large relative
motions to be established and little or no

augmentation of the mixing would be observed. 0
These issues were investigated, in part, in the -. 15 -.10 -.05 0 .05 .10
experiments discussed below. y/X

Setting the sidewalls for zero pressure

gradient for the cold flow yields a naturally Fig. 9 Effect of Pressure Gradient
induced favorable pressure gradient in the case of
flow with heat release. In this investigation, on Mean Temperature Profile
such favorable pressure gradient runs were made at

7
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5 BRAY, K. N. C. and LIBBY, P. A. 1981

CONCLUSIONS Countergradient Diffusion in Pre-mixed

Turbulent Flames. AIAA J. 19, 205-213
We have found that the growth rate of a

chemically reacting shear layer with heat release 6 BREIDENTHAL, R. E. 1978 A Chemically

does not increase and in fact appears to decrease Reacting, Turbulent Shear Layer Ph.D. Thesis,

Slightly. In the presence of an increase in the Caltech; and 1981 Structure in Turbulent

shear layer displacement thickness as a result of Mixing Layers and Wakes using a Chemical

heat release, one might have expected a Reaction. J. Fluid Mech.,109, 1-24

commensurate increase in shear layer thickness.

The implication is that the decrease in the

entrainment flux must more than compensate for the Growth of the Two-Dimensional Mixing Layer from

displacement effect, a Turbulent and Non-Turbulent Boundary Layer.

Phys. Fluids, 22(6), 1011-1019

The imposition of a favorable pressure 8

gradient is not found to have any noticeable BROWN, G. L. and ROSHKO, A. 1974 On Density

effect on the amount of mixing and chemical Effects and Large Structure in Turbulent Mixing

production in the layer. Layers. J. Fluid Mech. 64(4)), 775-816.
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2
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Abstract

An experimental investigation of entrainment both free streams, across the entire extent of the

and mixing in the self-similar far field of an layer ( Konrad' 1976, Breidenthal
l  

1978 ).

axisymmetric free turbulent jet in water is Furthermore, as a consequence of these motions, the

presented. Length and time scales for the flame probability of finding mixed fluid within a given

length fluctuations of reacting jets are shown to be range of compositions is essentially uniform across

, approximately equal to the local characteristic the entire layer ( Konrad' 1976, Fiedler' 1974,

large scale length and time of the flow. It is also Koochesfahani' 1984, Koochesfahani & Dimotakiss

shown that instantaneous radial profiles of 1984). On the basis of these results and many
concentration across the jet do not resemble the others, it is now generally recognized that models

mean concentration profile, indicating that the mean of entrainment and mixing in turbulent shear layers

profile is a poor representation of the mixed fluid probably need to incorporate features of these large

states within the jet. These instantaneous profiles scale motions.

also show that unmixed ambient fluid is transported

throughout the entire extent of the jet, and that Such large scale organized mixing may also be

the mixed fluid composition within the jet can be present in other free turbulent shear flows,

fairly uniform in regions extending across a large including the axisymmetric free Jet. The existence

part of the local jet diameter. Lastly, the amount of organized vortical structure in the near field of

of unmixed ambient fluid on the jet centerline is turbulent jets has been recognized for some time

found to vary roughly periodically with a period (e.g. Bradshaw et al" 1964, Crow & Champagne' 1971).

approximately equal to the local characteristic The prevailing view, however, is that this near

large scale time of the flow. These results suggest field structure does not survive in any organized

that large scale transport mechanisms, displaying a form beyond the first few jet diameters. Mixing in
characteristic organization, play an important role the far field of the jet is classically viewed as a

in entrainment and mixing in the far field of stochastic process, involving transport by small

turbulent jets. scale eddies driven by gradients in the mean

profiles, characteristically lacking any persistent

large scale organization. This picture has arisen

Introduction largely from point measurements and flow

visualization techniques which are unable to reveal

the internal structure of the mixing.
Experimental investigations over the past

decade have demonstrated that entrainment and mixing However, the results of several recent
in fully turbulent shear layers is characterized by

organization that results from the dynamics of large

scale vortical motions. These large scale motions 1983a, Dimotakis et allo 1983b, Dahm et all' 1981

have been shown to transport unmixed fluid, from have suggested that the relevant transport

mechanisms in the far field of turbulent jets may be
quite different from this classical picture and may

exhibit a large scale organization similar in many
Presently, Graduate Student, Aeronautics respects to that found in shear layers. To

investigate this prospect further, the measurements
2 Assoc. Professor, Aeronautics & Applied Physics presented here were conducted to study several

aspects of entrainment and mixing in turbulent jets.

Copyright G Werner J.A. Dahm, 1984. AIAA Paper 85-0056

%5-0056



Experimental Methods sheet(s) that had not yet mixed, on a molecular

s-ale, with ambient fluid in excess of the selected
stoichiometric ratio could be visualized directly.

Three sets of measurements of entrainment and

mixing in the self-similar far field of anmixng n te slf-imiar ar iel ofanEarlier measurements (Dahm et al"* 1984) using
axisymmetric momentum-driven free turbulent jet in

water ( Sc - 600 ) are described below. These this technique have demonstrated a nearly periodic-

measurements were all carried out in a water fluctuation of the "flame" length of such reacting
jeatreent wer copoit sequencd shout tnhawate

facility, documented previously','
1
, using laser jets. A composite sequence showing these

induced fluorescence (LIF) techniques, fluctuations, consisting of every fifth frame from

an excerpt of a high speed motion film of such a

chemically reacting turbulent jet visualized using

this technique, is shown in figure 1. In each
I. Flame length fluctuations of reacting jets frame, the fluorescence from each of a pair of

mutually orthogonal laser sheets, both containing
The chemically-sensitive LIF technique',","' the jet axis, was imaged by a system of mirrors

was used in conjunction with an (isothermal) without perspective distortion onto the film plane

acid-base reaction to determine length and time to allow a simultaneous view of mixing in the two

scales for the flame length fluctuations of thin, orthogonal slices through the jet.

chemically reacting jets.

While the effects of heat release and density

Briefly, an alkaline jet premixed with a small changes that accompany combustion are not addressed

amount of a pH-sensitive laser-fluorescent dye was in experiments with such simple acid-base reactions

discharged through an axisymmetric nozzle into a In water, experience in turbulent mixing layers has

large acidic reservoir. By appropriately selecting shown that the basic ideas suggested by such

the initial absolute concentrations of the acid and investigations remain applicable when combustion is

base solutions, the pH-sensitive characteristics of present. Indeed, when properly normalized, the mean

the dye could be exploited so that mixed fluid flame lengths of momentum-driven turbulent jets in

illuminated by the laser excitation would fluoresce water'
1
,' and in highly exothermic gas flames'

-

only If the local mass ratio of ambient fluid to jet as well as in liquid-vapor condensation systems'
-

fluid mixed at the molecular scale did not exceed a are in good agreement, as shown in figure 2. Such a

threshold value, referred to here as the reaction correlation was demonstrated by Avery & Faeth"'

stoichiometric ratio €. This ratio could be (1974). Broadwell 
2  

(1982) uses a similar form, for

selected by choosing the relative initial water and gas flames, to argue that the rate of

concentrations of the acid and base solutions. The molecular mixing is set by the rate of entrainment

fluorescence transition was reversible and occured for the jet. Figure 2 then demonstrates that, at

over a very narrow range of the mixture ratio. By Reynolds numbers sufficiently large for mixing to

arranging the laser light to form either a single become entrainment-limited, the flame length of any

thin sheet containing the jet axis or a pair of reacting jet is determined solely from the generic
mutually orthogonal sheets both containing the jet scaling laws for jet entrainment expressed in

axis, the jet fluid in the plane of the laser momentum variables.

Figure 1. Composite time sequence from a motion film of a chemically reacting turb,i.,nt jet,
visualized using the dual-orthogonal planar LIP technique, showing the flam, length
fluctuations; 4-15, Re- 10,000.

2
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The correlation in figure 2 arises from the

normalization with do, the jet "momentum diameter", ,

defined as L ; ,O2,

awa

0 100c
d ( do)I1'.2.

where iO is the jet exit mass flux, Jo is the jet A

momentum flux, and p. is the ambient fluid density. 500 A

This momentum diameter was introduced in a limited

context by Thring & Newby2 2 (1952), and has been 200
used by Becker et all',' (1978) in gas flames. I.

However, figure 2 suggests a general scaling with do ±o o
for all momentum jets, and indicates a proper ae- _
dimensionless form for the axial coordinate x of 50 - -

the far field of all momentum-driven turbulent jets 0

as
20

X - x/d* 10

In the present experiment, the instantaneous 5

turbulent flame length was measured directly, using

a coordinate digitizer, from each of over 2400 2

individually projected film frames of a high speed
motion film of such a reacting jet at Re- 10,000 and
'- 15. The resulting data spanned roughly 50 0.1 0.2 0.5 1 2 5 10 20 50

periods of the flame fluctuation. Length and time 0
scales for these fluctuations were determined from Figure 2. Dimensionless mean length, L, of
the measurements and compared with the local momentum-driven turbulent jet flames as a function
characteristic large scale length and time of the of their reaction stoichiometric ratio, *, for
flow, respectively the local jet visual diameter isothermal reactions in water, exothermic gas

D- 0.4x at the mean flame tip location x, and D/U reactions and liquid-vapor condensation reactions.
w (Buoyancy effects are present to various degrees in

where Uc 6 o/ m) X- is the mean centerline some of these data.)
velocity at the flame tip.

II. Radial profiles of concentration the fluorescence intensity. A green filter

in non-reacting jets effectively eliminated directly scattered laser
light from any particulates in the flow.

Instantaneous radial profiles of jet fluid

concentration in a non-reacting jet were measured Radial profiles of fluorescence intensity were

with high resolution using a passive LIF imaging measured at x - 300 for Re - 1500 and Re -5000, on
either side of the Re- 3000 asymptotic threshold

technique in conjunction with high speed digital

data acquisition and digital Image display methods. Dahm et al " 1984) at which mixing in the far

The technique was similar to earlier measurements of field of such jets In water becomes

concentration in the plane shear layer entrainment-limited and, therefore, the flame length

(Koochesfahani & Dimotakis' 1984). becomes independent of Reynolds number.

The laser fluorescent dye was again premixed The photodiode array was clocked at a pixel

with the jet fluid (water), and discharged into the rate of 256 kHz, corresponding to a scan rate of 235
... ambient reservoir fluid (water). In this case, no scans/sec and a scan time of 4.3 msec, which was

,.. chemical reaction was involved. The beam (514.5 nm) several orders of magnitude faster than any relevant

from an argon ion laser was collimated and oriented local time scales in the flow at either Reynolds

to cross the jet radially, perpendicular to the jet number. Consequently, temporal resolution was not

axis. The fluorescence from dye along the beam was an issue in these measurements.

imaged onto a 1024-element Reticon self-scanning
linear photodiode array, the sequential pixel output Each of the 1024 photodiode array elements

of which gave consecutive Instantaneous profiles of (plxels) had a sensitive detector aperture of

3



25um- 26 um. The optics used produced an image ratio J[c] - c
of 26:1, and the beam diameter varied from roughly

0.5mm to about Imm, thereby defining the measurement where the constant C, related to the scattering
volume for each pixel. The resulting resolution was cross section of the dye, was determined from the

sufficient to resolve even the smallest turbulent calibration.

scales of motion at the lower Reynolds number. At

neither Reynolds number could the strain-limited Defining an overall transfer function H(&) to
* diffusion layer thickness (Batchelor scale ) be include the beam area variation, namely

resolved, which is of the order Sc-1 /2 smaller than
the Kolmogorov scale. Ao

H( ) = h(5)-

The array output was digitized through a single 
A(&)

channel high-speed 8-bit A/D converter and recorded

on a computer disk. Since the scan time was fast gave the instantaneous fluorescence intensity

relative to the local time scales in the flow, and profile measured by the photodiode array as

in order to keep the amount of data collected

manageable, only every 16th scan of the array was F(&,t) - I0 (t) H(E) c(&,t) exp( - c f c(At) dX
actually recorded on the disk at Re- 1500, and every 0

6th scan at Re- 5000. Each measurement consisted of

4000 recorded scans of the array (in excess of 4 The transfer function H( ) was determined from an

million measurements) spanning approximately 12 in situ measurement of F( ) at a uniform dye

local characteristic large scale flow times, this concentration c1 as

limit being imposed by the local flow duration.
-' ~[H(5) /H(5*)] [ F(5) / F(5*)] exp ( c1 (E- *) )

The measured pattern of dark noise and

background illumination was subtracted from these
data. The resulting measured fluorescence intensity where 6 was an arbitrary reference location. H(&)

profiles could then be converted to profiles of jet represents, therefore, an accounting of the

fluid concentration as described below ( see also collective non-idealities in the optical system and

Koochesfahani & Dimotakis
' 1984). the array.

The intensity of fluorescence measured by the Normalizing each instantaneous measured

photodiode array, F(&,t), was locally related to the fluorescence intensity profile by its value at 5,

instantaneous dye concentration and beam intensity where the dye concentration was at a constant

at every point along the beam as reference value c*, gave the dye concentration

profile relative to this reference as

c(&,t) exp F(&t) c( t d0

where & is a coordinate along the beam in the - exp( C c(A't) dA

direction of propagation and c(t,t) is the c* [ I(5) / H(5*) ]
instantaneous dye concentration profile along the

beam. Here, I(Ct) Is the instantaneous beam A small vessel, positioned about one-and-a-half
intensity profile, J[c] relates the local intensity local jet diameters from the centerline, containing

of fluorescence to the local beam intensity, and a circulating dye solution at a known concentration,
h( ) Is the transfer function relating the was also imaged onto the array to set this reference

fluorescence intensity to that measured by the condition.
photodiode array.

Denoting the known concentration of dye issuing

The instantaneous beam intensity profile I(E,t) from the jet exit as c0 defined the instantaneous
was, in turn, related to the dye concentration jet fluid concentration profile c.( ,t) in terms of
profile c(&,t) through the attenuation integral the dye concentration profile as

,a ,A o  &
{

-o(t) -- exp(- J[c(X,t)]dX ) c(&,t)
0 A(&) c0(0t)S,0 c

where I (t) is the beam intensity at E- 0 and A()

is the beam cross sectional area profile. Over the The jet fluid concentration profile along the beam
range of concentrations In this experiment, Jjc] was corresponding to each measured fluorescence
determined by a calibration to be linearly related intensity profile could then be determined as

to the dye concentration as

,48
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F and P - 15. The nearly regular length fluctuations
) F( t) / F('t)] exp co f j(A,t)dA) of figure I are evident in these data. Defining

cH() / H(e) ] (albeit, somewhat subjectively) fluctuation events,

delimited by tic marks in figure 3, allows a length
and time scale to be determined for e-icn fluctuation

The resulting Instantaneous profiles of jet event.

fluid concentration were expressed in the

conventional radial self-similar form g(n,t), where

n- r/x, by normalizing each Individual profile with His as o the cu reiondngand time scales, normalized by the corresponding
the mean centerline concentration as

local characteristic large scale quantities, are

c (n t) shown in figure 4. The histograms indicate that the

g(n,t) flame length fluctuations of reacting Jets occur on
c (0) a length and time scale approximately equal to the

local characteristic large scales of the flow.

III. Unmixed ambient fluid on the jet axis
These fluctuations can be interpreted in the

context of the instantaneous concentration field of
The probability of unmixed ambient fluid the jet. Their length and time scaling show that

appearing at a point on the jet axis was measured as the mixed fluid composition in a large region of the

a function of time for Re- 1500 and Re- 5000 using a jet crosses the reaction stoichiometric ratio within
passive LIF technique, one local characteristic large scale time,

suggesting that this fluid is within a fairly narrow
The laser beam was oriented coincident with the range of compositions. Such regions of

jet centerline. The laser dye was again premixed qualitatively uniform jet fluid concentration have

with the jet fluid, and the fluorescence from a been inferred from still photographs of planar

segment along the beam centered at X- 300 and fluorescence in jets (Dimotakis et al'0 1983b). -ne
extending from 285< x < 315 (roughly one-fifth the flame length fluctuations are, therefore, directly
scale of the local jet diameter) was imaged onto the indicative of a nearly periodic large scale

1024-element Reticon linear photodiode array. A organization of mixing in the jet far field.

green filter was again used to block directly
scattered laser light. As before, the array was

scanned at 256 kHz and the output from every 16th 200

scan at Re- 1500 and every 6th scan at Re -5000 was

recorded. The data for each of these measurements

consisted -)r 4000 scans of the array, again spanning

approximately 12 local characteristic large scale , , ,

flow times. 200

In this case, however, it was not necessary to L

convert the me3sured fluorescence intensities to jet -

.' fluid concentrition, as was done in the previous d" , , ,
experiment, but only to distinguish between mixed 200

and unmixed fluid. Consequently, a reference

condition was not used in this measurement. The

threshold between mixed and unmixed fluid was
determined from the peak dark noise in the array.
The fr3ctlon of the 1024 pixels imaging unmixed 200

ambient fluid, corresponding to the probability of

finding unmixed rlul, could subsequently be

determined as a function of time.

_%
.

Rpult. nd Discussion 0 11

t (U,/D)

1. Flame length fluctuations of reacting jets
Figure 3. Instantaneous turbulent flame length
vs. time; 9- 1, Re- 10,100.

The In3tantneous turbulent flame length as a
finctlon of t,ce is shown in figure 3 for Re - 10,OCO

5
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2 .0
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q0

n 2 Figure 5a. Mean radial profile of jet fluid

At (UC/D) concentration (in self-similar form) compared with
other experiments.

Figure 4. Histograms of length and time scales for
the flame length fluctuations in figure 3,
normalized by the corresponding local characteristic
large scale flow quantities.

2.0
0 Antonio at @1 (10751

C) Berc St 1 (1978)

Hussain"
3  (1983) has suggested that the F Bcv a &1 (1979)

significance of organization in turbulent shear [g'(r) rms _Quk G Monso (1960)

flows has been overemphasized. The flame length P',esent study

fluctuations, however, suggest that this large scale 1g'(0) 1 ms 0,0
organization plays a crucial role in the

entrainment, mixing and chemical reaction processes :, 0-A
in the jet. It is noteworthy that similar flame

length fluctuations have also been reported in

combustion studies in buoyant plume flows

(ZuKoski et all' 1984). ooc
Eg'()) 1. 0

rms A

II. Radial profiles of concentration g -a 0

in non-reacting jets .20

The mean radial concentration profile at
Re - 5000, determined by an ensemble average of the .10 60

individual instantaneous profiles measured in these A

experiments, is compared in figure 5a in the radial

similarity variable n - rlx with the profiles .00

reported in other experiments""'1 . Note that this .00 .10 .20 .30

form of the radial variable n does not force the 1

profiles to match at the jet half-width, and rhus
Figure 5b. Radial profile of rms concentration

provides a more rigorous comparison than does fluctuations (in sel--similar form) oompared with

normalization of the radial coordinate by the other experiments.
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concentration half-width. Similarly, the radial

profile of rms concentration fluctuations is shown

In figure 5b. However, the principal emphasis in 2.0

the present experiments is on high resolution Fig. 6a

measurements at a large number of points across the

Jet and, consequently, the duration over which these 1.5

measurements dxt nd is relatively short.

Nevertheless, despite the limited statistical
significance of mean profiles obtained from these 1.0
data, the comparisons in figures 5a and 5b are quite

good and serve to validate the measurements.
.5

Several representative instantaneous radial

concentration profiles at Re - 5000, each covering

the entire radial extent of the jet, are shown in .0

figures 6a-d. Fig. 6b

Perhaps the most significant feature of the 1.5

instantaneous profiles is how little they resemble

the mean profile. Most of the instantaneous
profiles are either of a "top-hat" type, such as 1.0

figures 6c and 6d, where the mixed fluid across the
entire jet diameter is within a fairly narrow range
of concentrations (relative to what the mean profile
suggests), or of a "two-level" type, such as g (r, t)
figures 6a and 6b, where the mixed fluid in a large .0
region near the jet axis is within one such narrow

range of concentrations, while the mixed fluid Fig. 6c

across the remainder of the jet is within a
second, lower ringe of concentrations.

Broadwell & Breidenthal' (1982) nave noted that
such qualitative uniformity in the mixed fluid

composition can, in retrospect, also be recognized 1.0
in concentration profiles from plane turbulent jets

by Uberol & Singh"3 (1975), but that these authors

do not remark about the shape of their profiles.

Furthermore, the profiles in figure 6 show that .0unmixed ambient fluid can be found throughout the

jet. This has been observed in still photographs of Fig. 6d

planar fluorescence In jets (Dimotakis et al1

1983a), and supports the proposal that the classical
notion of entrainment and mixing by stochastic small

scale eddies may not be a good picture of the 1.0
relevant transport mechanisms in the jet far field.

The mean concentration profile of figure 5a .5
then results from an average of the mixed fluid
profiles described above and the unmixed fluid

within the jet, but is itself a poor representation .0
or the compositions within the jet. This contrasts%0.3 0.1 0.1 0.3
with the classical picture of turbulent mixing, in
which instantaneous concentration profiles are

presumed to qualitatively resemble the mean profile Figure 6. Representative instantaneous radial
's with small tirbulent fluctuations about the mean, profiles of concentration across the jet; x 300,

and may have particularly important Implications for Re - 5000.
the modeling and prediction of ,nemlcal reactions
between the mixed and unmixed fluids.

'C 7
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The instantaneous concentration profile shapes-

in figures 6a-d as well as the observed flame length

fluctuaitions of figures 2 and 3 can be interpreted

in terms of the simple conceptual picture of mixing o

in the jet far field shown in figure "I, described by

Dimutakis et al " (1983b). In this picture, large

regions within the jet contaiin mixel fluid in a - I

fairly narrow range of composition,-, intortw4ined

w ith un m ix eJ ambient flIu id . As a res3Ul1t ,

c c n eot i t i on profCil1es across the jet will n-v3

eithor' the "top-na-t" or, 'wo-evel" snupe nute

ac',while the mixel flui i conc:entration along topt

aildrcinoe~reice in a roughly stop-wiSO

fa s hiJn, roliing, th.o Xeii -1 ') o- in IF

m ea n, and gi v irg rise to the flr I ""I, In h

fli itione in a reac ting t et.

A m-thod, for s iou ~.v nc l V, 3 erl i

of t hes e measured Ircf, an~u c I.Ir juo "

profi les is shown in figore ',. Truce pi r.

*simil ir to earlier displays, of LIF daitr in a p' ie

mixin., laye (Koochesfahrn- D 1K 19S5.) Tocy

a are pnotcgr-iphs of a oigital irrage dir' cy screen,

on iriirh the oiinte ce ntr.t ion da' i from cc;

51-2d array elementa; r'r n teJet axis w-re ig '

dioplayeJ for ',00 ccrsoecutlve., aecd rrey scans.

CO :r 'f id fr1 I i

*F iir e 7. IderI iz f,1 conceptual pi ctureL- of the
i notitnu cono-en! r~t i cc f iel d of the tur bul e2nt

* Jet.
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The 256 different grey levels are assigned to denote v

the various concentration levels, withi pure white

representing g(n,t) b1.5 and decreasing linearly to

pure black denoting unmixed ambient fluid, namely

glo,t) = 0. These are, therefore, r-t pictures of

th~e sorvrtration along a line across the jet. It *

must be eophasi,:, ,ithit these are not equivalent to .

still photcgr pta of the concentratlion field in a

plane intersecting tine jet, as becomes evident near

the jet edges.

It is ippmrlnt 4n the data in figure 8 that, at
both Reynolds nuimbe-rs ,un-.i xed ambient fluid is Tf.

transported throughout the entire radial extent of

Sjet. s fig ure also Suggests that toe

topolgy of a stoicnioetr:c s b Paf between the

mixed and unmi xed flails, commonly use-d is -q

olustion studies, may be consiue rasly mare cos;plex

thun that which might be suggested by a conventional ._'a

small scale trarmpcrt picture of jet nixing. "

Frt.ermsre, as the individual concentration

profiles in figure 6 suggested, the data in figure 8 ,-.

shon4 triit the instantaneous mixed fluid composition t-

can be fairly uniform, relative to whit the mean "_

conentration prufile would suggest, across a large ,. "

part of the local jet diameter.

A composite sequemoc from cons-;tiye

phctm.-rapi:a of the typo displayec in fig-re S is ,

shtrewn for eacR eynolcs number in figure 9. Flash of

t ne>, sequences displays roughly 2 million

in' v'.- 1-1 Traiurem.njt'. This metrd of displaying )
trw, -tire profiles allows 3 direct interpretation"--

of ti - ti-'-voryin- concentration field in these /"S
dat. . Tre transport of unmixed ambient fluid 6
to r:> I ghoul the jet, as well as regions of fairly

unif'orm- mixed fluid concentration extending across a .
lLrge part of tihe 1c-, jet diameter, can again be

d-,crned in these pictures. Note that a length

inc'rement along the jet centerline in the

p s- a -x ial1 ( t 'rp o ra lIdirection ca n be mal n;fri

ruj-hiily equivalent to a corresponding increment, in ... '

Liv- r,AI al direction, by a 50% stretching of' trio

te ;r !1 direction.

* U x( l xrix i-n' ' ii ci h t ixis

The frosti-n of th, a''''' :time arimix - 4
imbirat fiui ,I on thu t of the jio

axis 13 sfi:.in t:i a , ir, n 'i t im-' for b :. t

Reyno dsdo nul,-rs a ri fin r ' ;. 0

Tnesr data show that the prb ility of finding Fig. h' : -1.. . Fg. Oh rr "
un",- i a tIr -rt u i at a mn In th, jet axis

sl w: a m il ln,:r,-see at r u hly periodi r Fi r .a cv ,i)-: r-tI ''rico It ten of toe

Int-rval . Furthkrmere, as indi ated by tne tim> tur,.' lri ,, ,i 'titO I r1> 't•i I r 7 4 3,533

9c,te I ccc'ryirlge ish [ira ,', theue increas.: are 5e' r tt r'.--c-mr'',c cr-rut: 0 ion p"< ii- 30'

9s

p.o

% *,* *** **' ** % % 5- .. . . . * * a --' -.-.. - .%



scale, undergoes a shift toward higher wavenumbers

t as the Reynolds number is increased, and that

* consequently less unmixed fluid is detected. In

other words, the flow at Re- 1500 may, in this

respect at least, be qualitatively different than
0 that at Re - 5000, an idea that is supported by the

observation that reacting jets in water attain their
0 6 asymptotic flame lengths at Re -3000''. This

t. (UC/) question, however, must ultimately be resolved using

other techniques.

Fig.10a Re -1500.

Conclusions

The results of these measurements, together

with previous investigations
9
.10, , indicate that

* :P" large scale transport mechanisms play an important

role in entrainment and mixing in the far field of
" turbulent jets, and that the jet far field is

0 ........ _______ ____ characterized by large scale organization.

0 6
SU/ Instantaneous profiles of concentration across

U/0) the jet show that, at any instant, the mixed fluid

concentration can be fairly uniform within large
Fig. 10b Re- 5000. regions in the jet, and that unmixed ambient fluid

can be found throughout the jet. These

characteristics of the instantaneous profiles as

Figure 10. Fraction of the imaged segment on the well as the measurements of unmixed fluid within the
jet centerline detecting unmixed ambient jet are consistent with a simple conceptual picture
fluid vs. time; x - 300. of large scale organization of entrainment and

mixing in jets. For the case of chemically reacting

jets, this organization manifests itself as a nearly-

periodic large scale fluctuation of the flame
typically separated by about one local length, indicating the important role that such

characteristic large scale flow time. This roughly large scale organization plays in nixing in the far

periodic increase in the probability of finding field of turbulent jets.

unmixed ambient fluid on the jet axis is consistent

with the large scale entrainment mechanism proposed

by Dimotakis et al' (1983a) and with the conceptual Acknowledgements

picture of jet mixing in figure 7.
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